The authors studied the photoemission from molybdenum nanotip arrays with controlled apex curvatures by photoelectron microscopy and spectroscopy excited by 10 ps visible laser pulses under dc electric field. While two-photon photoemission microscopy demonstrates the enhancement of photoabsorption at the sharp tip apex, spatially resolved analysis of the photoelectron energy revealed anomalous energy distribution that is ascribed to the dc field enhancement and resultant barrier reduction at the tip apex. The results show the applicability of photoelectron microscopy and spectroscopy to study the distribution of dc and optical electric field enhancement in field-emitter arrays. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3095480͔
A low-emittance and high-brightness electron source is advantageous for the development of compact x-ray free electron lasers.
1-3 For such applications, field-emitter array ͑FEA͒ devices equipped with a collimation gate in addition to an electron extraction gate can potentially outperform 4, 5 the state-of-the-art photocathode. 6 So far, the realization of FEAs with large emission current in the range of several amperes with the average current density of ϳ1 kA/ cm 2 or higher is a challenge. Some of the difficulties lie in the controllability of the sharpness and the surface quality of the nanometer-scale tip apex over the entire array of tens of thousand tips. The uniformity of the apex curvature is important 7 since the Fowler-Nordheim tunneling current varies sensitively with the actual dc electric field F dc at the apex. 8, 9 F dc is written as ␤ F av , determined by the applied electric field F av and the dc field enhancement factor ␤. Since ␤ is approximately proportional to the inverse of the tip-apex curvature ͑Ref. 9͒, one finds that a factor of two variation in over an emitter array results in 2-5 orders of magnitude variation in the emission current from individual emitters. Therefore, the uniformity of is crucial to prevent the premature failure of the device at low current level. Hence, precise characterization of the distribution of and ␤ is important for the optimization of fabrication processes. Scanning anode field emission microscopy 10 is one such technique, where ␤ is evaluated from local field emission characteristics measured by the scanning anode probe.
In addition to dc field emission, laser triggered field emission has been extensively studied recently to generate ultrafast electron beams in needle-shaped emitters [11] [12] [13] [14] [15] as well as in FEAs. 16 In particular, single-photon photoemission triggered by 50 fs near infrared light pulses was observed in single-gate molybdenum FEAs under large F dc in fieldemission regime with tip quantum efficiencies in the order of 10 −2 ͑Ref. 16͒. For quantitative understanding and further improvement of the quantum efficiency, the impact of apex curvature on the light coupling needs to be explored. Scanning probe microscopy was used in the past to study the light excitation in subwavelength protrusions. 17 However, the light excitation at the sharp apex of field emitters is yet to be explored.
In this letter, we report an application of photoelectron emission microscopy ͑PEEM͒ to metallic FEAs for the purpose of characterizing tip uniformity and photoexcitation efficiency at the tip apex. Triggering the photoemission by tightly focused laser pulses, we observed topographydependent photoemission images. Further, spatially resolved analysis of photoelectron energy revealed tip-apex dependent anomalous energy distribution.
The metallic FEA samples used for this work were fabricated by a molding technique, Fig. 1 . The samples consist of pyramidal shaped molybdenum emitters with a base size of 1-3 m and aligned with a period of 5 -10 m. Details of the fabrication procedure are described elsewhere. 18 We studied two emitter structures having a base size of 3 m square and height of ϳ2 m aligned with 10 m period. In Fig. 1 we show the scanning electron microscope ͑SEM͒ images of single emitters from the two samples: sample A ͓Figs. 1͑a͒ and 1͑b͔͒ with the apex diameter of ϳ100 nm a͒ Electronic mail: soichiro.tsujino@psi.ch. and sample B ͓Figs. 1͑c͒ and 1͑d͔͒ with the apex diameter in the range of ͑1-5͒ nm. The laser triggered PEEM experiment was performed at the surface/interface microscopy beamline of the Swiss Light Source at Paul Scherrer Institut. The experimental geometry is depicted in Fig. 2 . A FEA sample was mounted on a copper holder covered with an electrostatic shield and loaded in the microscope with background pressure of 10 −9 mbar. The sample was placed in front of the electron objective lens separated by ͑2.0Ϯ 0.1͒ mm and was dc biased at Ϫ20 kV, corresponding to F av of ͑10Ϯ 0.5͒ MV/ m. Photoelectrons were generated by irradiation with the second harmonic output of a mode-locked neodymium-doped yttrium aluminum garnet laser with pulse energy up to ϳ5 nJ, pulse width of 10 ps ͑full width at half maximum͒, repetition time of 16 ns, and wavelength of 532 nm corresponding to a photon energy ប of 2.33 eV. Thus, ប is slightly larger than one half of the work function of the molybdenum ͑100͒ surface, which is equal to ϳ4.5 eV. The incident angle of the light was ϳ75°from the sample surface normal direction and the light polarization was fixed within the incident plane ͑p-polarization͒. The laser pulses were focused to an ϳ10 m wide beam on the sample. An electron objective lens collected the photoelectrons, which were subsequently energy analyzed and detected by a phosphor screen after amplification by a multichannel plate. The resolution of the energy analyzer of the PEEM is in the range of ͑0.1-0.3͒ eV.
In Fig. 2͑b͒ , we show the PEEM image of sample A. It was acquired with a 20 m field of view and by integrating over 6 eV of the scanned energy range. Two emitters, one at the center and another at the bottom left ͑only the apex͒, were imaged by the spatial contrast of the photoelectron intensity. The photoelectrons were excited via two-photon absorption ͑TPA͒ process. This was confirmed by the quadratic increase in the photoelectron intensity when the pulse energy was varied between 1 and 5 nJ ͑not shown͒. In addition to the facet of the pyramidal shaped emitter ͑marked as p4͒ facing the laser irradiation, the sharp parts of the emitters such as the apexes ͑p1 and p2͒, the wedges, and along the edges at the bottom ͑p3 and p5͒ emit high intensity of photoelectrons. The photoelectron intensities from the apex are comparable to the emitter facets within the spatial resolution of the experiment and are an order of magnitude higher than those from the flat part of the sample ͑p6 and p7͒. The observation of these bright spots shows that the light excitation is enhanced at sharp locations of the emitters, especially at the emitter apexes ͑p1 and p2͒.
Such an enhanced laser excitation is further evidenced by the result of sample B, where the radius of curvature at the apex, as well as at the edges of the emitters, was more than a factor of 20 smaller than sample A, Fig. 3͑a͒ . In this experiment, the laser irradiates the emitters from top left toward bottom-right direction, and the PEEM image was acquired with a 50 m diameter field of view. Comparison of Fig. 3͑a͒ to Fig. 2͑b͒ with respect to the photoemission contrast between the emitter apexes/edges and, e.g., the emitter facets shows that the light excitation efficiency is enhanced by decreasing the radius of curvature of the protrusions.
From the PEEM image of sample B ͓Fig. 3͑a͔͒, we found that TPA at apex ͑p1͒ is higher than that at the facet ͑p6͒ by a factor of 10. Since TPA at the emitter apex is proportional to ͑F op ͒ 4 , where F op is the optical electric field and is the enhancement factor of F op , equal to ϳ1.8 is evaluated from the observed photoemission intensity ratio between p1 and p6. This result indicates that single-photon absorption at a nanometer scale emitter apex, which is proportional to ͑F op ͒ 2 , e.g., as reported in Ref. 16 , is a factor of ϳ3 more efficient than at flat surface. We note that ϳ 1.8 is of the same order of magnitude as the value of ϳ4 reported by Martin et al. 19 but largely deviates from the value of 120 evaluated for a tungsten needle. 20 Detailed analysis of the observed and its comparison with theory are the subject of the future research and beyond the scope of this letter. Finally, we discuss the photoelectron energy distributions. In Figs. 2͑c͒ and 3͑b͒ , we show spectra for samples A and B, respectively. Because of the highly nonplanar nature of the sample, the spectra shift monotonically within the field of view ͑by ϳ0.4 eV from right to left in the case of sample A͒. To compare the shape of distributions from different surface locations, we therefore lined up the peak maxima of the spectra to zero and normalized the maximum of every curve as 1. The slopes of the high-energy tails are similar for all the positions for each sample. However, the low-energy tails are FIG. 3. ͑Color online͒ ͑a͒ PEEM image of sample B having the emitter apex curvature in the order of ͑1-5͒ nm. ͑b͒ Normalized spatially resolved photoelectron energy spectra when the emitters were excited by 3 nJ pulses. The spectra were shifted vertically for clarity. position dependent: at the emitter apex, additional shoulders were observed at Ϫ0.5 eV. The low-energy shoulders were also observed in sample B ͑Fig. 3͒ at the emitter apex but at energies of Ϫ͑1-1.5͒ eV. Cinchetti et al. 21 reported photoemission from local inhomogeneities ͑hot spots͒ on a Cu surface shifted to low energy by ϳ0.5 eV and ascribed those to reduced work functions in small Cu clusters. The hot spots on Cu͑001͒ surface were studied by Georgiev et al. in detail. 22 However, we did not observe such low-energyshifted features either at the side edges of the emitters or at the hot spots on the flat part of the samples p6 and p7 in Fig.  2͑b͒ and p4 and p5 in Fig. 3 .
We consider that the observed low-energy shoulders indicate the two-photon photoemission from the emitter apex with reduced barrier height. 23 Because of the dc field enhancement, the barrier height reduction at the emitter apex is enhanced compared to the surroundings by the amount ⌬E given by ͱ e 3 F av / ͑4 0 ͕͒ ͱ ␤ −1͖ with 0 as the vacuum permittivity and e as the elementary charge. 24 Therefore, by equating ⌬E with the energy difference ⌬W between the onset of the observed low-energy shoulders at the emitter apex and the main TPA peak at 0 eV of the surroundings and using F av of ͑10Ϯ 0.5͒ MV/ m applied to FEAs, we evaluated the experimental dc field enhancement factors ␤ ͑exp͒ , as summarized in Table I , together with the theoretical values ␤ ͑calc͒ ͑Ref. 25͒. A good agreement of theory with experiment is found. The large distribution of the low-energy onset of the photoelectron energy distribution in sample B ͑Fig. 3͒ compared to that of sample A ͑Fig. 2͒ is ascribed to the higher sensitivity of sample B to F av because of the larger ␤ as well as larger fractional variation in ␤ because of the small emitter radius.
In summary, we applied laser-excited PEEM and spectroscopy to study the field-enhancement properties of molybdenum FEAs. We showed a potential use of two-photon photoemission microscopy and spectroscopy as a noninvasive measurement method of the distribution of the electric field enhancement factors for dc and optical frequencies.
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